I. INTRODUCTION
The increased center-of-mass energy of the Large Hadron Collider (LHC) significantly enhances the sensitivity for the discovery of new heavy particles. Should a new high-mass state be found, a key goal will be to identify its production mechanism.
It is well known that the different patterns of initialstate radiation (ISR) for gluon-and quark-induced processes provide in principle a way to discriminate between these initial states. Typically, methods to exploit this fact require a substantial amount of data for the precise measurement of shapes of differential distributions. In this paper, we show that for any high-mass colorsinglet system, the measurement of just two cross sections, namely dividing the data into events with and without additional hadronic jets in the final state, provides a strong discrimination between production mechanisms, which is furthermore experimentally accessible with event samples of limited size. The method is also theoretically clean, as it is both model independent and has well-controlled theory uncertainties.
As a concrete example, we investigate a color-singlet resonance with a mass of 750 GeV. The ATLAS and CMS experiments have recently reported some deviation from the background expectation in the diphoton invariant mass spectrum around 750 GeV [1, 2] . Assuming the deviation to be a first sign of a new particle, a large number of proposals on its interpretation and possible property studies have been made [3] . Exploratory studies of the initial state have utilized the luminosity ratio between 8 and 13 TeV (which is limited by the available 8 TeV data), the transverse momentum and rapidity distribution of the new state [4] , multiplicity and kinematic distributions of hadronic jets [5] , and btagging [4, 6] . Different techniques for tagging the initial state have been studied earlier, see e.g. Refs. [7] [8] [9] [10] [11] [12] . Beyond its viability for small data sets, our method offers several additional advantages. Compared to considering additional jets at high p jet T [5, 6, 13] , the low p jet T -range we exploit has more discrimination power and is more model independent. Compared to the diphoton p T spectrum, the p jet T of hadronic jets provides a more direct measure of ISR, making it insensitive to the possibility of more complicated decays of the resonance, for example, three-body [14, 15] or cascade decays [16] [17] [18] [19] [20] [21] . Our method is also unaffected by limited experimental acceptance for photons, which for example hinders fully exploiting the diphoton rapidity distribution to discriminate valence quarks by their different parton distribution function (PDF) shapes.
The 0-jet cross section is defined by requiring that all accompanying jets have p jet T ≤ p cut T . The QCD dynamics of low-p T radiation produced in association with a hard scattering process into a final state F with total invariant mass m(F ) m X can be described using the soft collinear effective theory (SCET) [22] [23] [24] [25] . At the scale µ ∼ p cut T m X , the leading effective field theory (EFT) Lagrangian has the form (see e.g. [26] [27] [28] )
Here, L SCET is the universal Lagrangian encoding the interactions of soft and collinear quarks and gluons. The gauge-invariant operators B n Bn andχ qn χ qn describe the annihilation of energetic gluons or quarks q = u, d, s, c, b along the beam directions, n = (1,ẑ) andn = (1, −ẑ), with helicities λ 1 and λ 2 (implicitly summed over), and F collects all fields required to produce F . All hard degrees of freedom are integrated out, including quarks and glu- 2 . It is valid for any produced color-singlet system X leading to F , for example the decay of a finite-width resonance, the Standard Model background pp → F , and even the signalbackground interference [29] , as all of the dynamics of the production and decay of X are contained in the hard Wilson coefficients c λ1λ2 ggF and c λ1λ2 qqF and because the leading perturbative SCET dynamics are insensitive to the helicity structure of the operators and the details of F. The 0-jet cross section thus only depends on the hard coefficients
where the integral is over the final-state phase space for F including any kinematic selection cuts. As a result, the p cut T dependence is independent of any details of F and in particular also the spin of X. (See Ref. [30] for a detailed analysis in a specific new-physics context.)
To predict the inclusive cross section pp → X → F we need to know the Lagrangian at the scale µ ∼ m X , which contains the full QCD Lagrangian plus the (effective) interactions of X with quarks and gluons. This becomes somewhat more model dependent, and requires, for example, specifying the spin of X. For our concrete study we take X to be a scalar, coupling to gluons and quarks via the effective Wilson coefficients C g and C q as
where G µν is the gluon field strength and α s is the strong coupling. (We assume that X does not couple directly to top quarks, as this would have shown up in tt production.) Comparing quark and gluon luminosities as is often done is equivalent to using Eq. (3) at leading order (LO). With Eq. (3) specified, we can now match it onto Eq. (1) and compute |c qqF | 2 and |c ggF | 2 . For our purposes, any model can be represented by Eq. (3) at leading order in α s (m X ). Treated as an EFT, Eq. (3) is a priori only correct to O(m X /Λ), where Λ is the mass scale of additional heavy degrees of freedom that induce the effective interactions of X. For example, the possibility of real QCD radiation from internal heavy states is not captured by Eq. (3). However, even for Λ ∼ m X hard emissions only affect the inclusive cross section by O(α s (m X )), while emissions below the scale p cut T are power suppressed. Similarly, a different choice of L eff (m X ) in Eq. (3) (e.g. for a spin-2 resonance) changes the inclusive cross section and the matching in Eq. (4) only by terms of O(α s (m X )), i.e., at the 10%-20% level. The crucial point is that the p cut T dependence for p cut T m X is described by Eq. (1). Hence, for more complicated scenarios than the one considered here, our main conclusions regarding the initial-state discrimination are unaffected as they rest on the dynamics at the scale µ ∼ p cut T , which is described model independently.
II. CALCULATIONAL SETUP
Considering for simplicity the narrow-width approximation, we have
where µ H ∼ m X is the hard matching scale, and the ellipses indicate the α s (µ H ) corrections from hard virtual QCD emissions. The branching ratio B ≡ B(X → F ) also depends on all Wilson coefficients C i , but will drop out in our final analysis. The jet cross sections we consider are given by
where
. We take C i ≡ C i (m X ) as the unknown parameters to be determined from the data. Their evolution from the fixed input scale m X to the hard matching scale µ H is included in the σ [31, 32] based on SCET (see also Refs. [33] [34] [35] [36] ). They are given by
The B i are quark and gluon beam functions, which describe the dynamics of collinear radiation along the beam directions. In general, the type of the incoming parton is changed by both collinear PDF evolution and fixed-order corrections, so beyond LO an operator in the Lagrangian receives contributions from all PDFs. However, in the 0-jet cross section, both of these effects only occur up to the scale p cut T and are contained in the beam functions.
Above the scale p cut T , the parton type of the initial state is uniquely defined and matches between the beam function and the operator in the Lagrangian [26] . Similarly, the dynamics of wide-angle soft radiation, described by the soft functions S gg/qq , is unique to the parton type and does not change it. The fact that the jet veto freezes the initial-state parton type at the scale p
We perform a careful analysis of the different sources of theoretical uncertainties and their correlations for σ ≥0 , σ 0 , and σ ≥1 . The total theory covariance matrix for all parton types and bins under consideration is then obtained by adding the covariance matrices of all sources discussed below,
For the perturbative uncertainties we follow the treatment developed in Refs. [27, 32, 44] and distinguish various independent sources. The first is an overall fixedorder yield uncertainty, C FO , which is fully correlated between all bins, and reproduces the usual fixed-order uncertainty for the inclusive cross section. The resummation uncertainty, C resum , is induced by the binning cut and is correspondingly treated as a migration uncertainty that is fully anticorrelated between σ 0 and σ ≥1 and drops out of σ ≥0 . The individual uncertainty contributions are estimated using profile scale variations [45, 46] for the relevant resummation scales, as discussed in detail in Ref. [32] . Finally, we use a complex hard scale µ H = −im X to resum large virtual QCD corrections. The corresponding resummation uncertainty, C ϕ , is estimated by varying the phase of µ H and corresponds to a yield uncertainty. The perturbative uncertainties are treated as fully correlated among all quark flavors and uncorrelated between quarks and gluons. We use the MMHT2014nnlo68cl 
III. INITIAL-STATE DISCRIMINATION
As a demonstration of the technique, we consider a hypothetical scalar resonance of mass m X = 750 GeV produced in 13 TeV pp collisions. In Fig. 1 Note that effects from hadronization and multiparton interactions, which are not included in our calculations, can affect the leading jet p T spectrum at small p T . However their effects partially compensate each other. We checked that the net effect in the cross section ratios we consider becomes negligible above p cut T > ∼ 20 GeV. To study the constraints on the Wilson coefficients C i from measuring σ 0 and σ ≥1 , we minimize the χ 2 function where σ meas m is the measured pp → X → F cross section in bin m, C is the sum of the experimental and theory covariance matrices, and σ m is the predicted cross section in bin m in Eq. (5). In the narrow-width approximation and considering a single decay channel (e.g. F = γγ), we only constrain C i √ B [see Eq. (4)]. To render our results independent of the details of F , we define
which is the value of C i √ B for which the measured inclusive cross section is completely attributed to initial state i. By considering the ratios |C i /C incl i |, our analysis only depends on the ratio σ 0 /σ ≥1 but not the absolute cross sections or B. With more than one final state, the sum in Eq. (8) runs over the respective bins for all final states, and the dependence of the different branching ratios on the Wilson coefficients C i and the associated uncertainties need to be taken into account. Figure 2 shows the constraints on |C i /C incl i | that can be achieved for various scenarios of the assumed true values of the C i . For this purpose, we assume that the inclusive cross section is measured with a relative uncertainty of 20%, which can be realistically expected not very long after a discovery of a new state. We split the cross section into measured 0-jet and ≥1-jet bins according to the theoretical predictions for the assumed signal, with the resulting σ In Fig. 2 , contours of ∆χ 2 = 1 only including the theoretical uncertainties are shown by the inner darker bands and combining theoretical and assumed experimental uncertainties by the outer lighter bands. The individual constraints from σ 0 and σ ≥1 are shown by the blue and green bands, respectively, while the combined constraint from both is shown in yellow/orange.
Figures 2 (a)-(c) illustrates the good discrimination between light quarks, here u, and gluons in the initial state, for a purely gluon-induced signal in (a), for a mixed signal with the cross section ratio equal to one in (b), and a purely u-quark induced signal in (c). Figures 2 (d) and (e) demonstrate the good discrimination between u and b quarks for a b-quark signal, and between gluons and c quarks for a c-quark signal, respectively. Only the discrimination between b quarks and gluons, shown in Fig. 2 (f) for a gluon signal, remains challenging due to the weaker separation already seen in Fig. 1 .
We conclude that even with fairly large experimental uncertainties, as expected soon after a potential discovery, a clear separation between different initial states can be achieved for most scenarios. A combined fit to all coefficients will of course require more data, and will then also benefit from using several p cut T values. We stress that thanks to the used resummation framework, the theoretical uncertainties and correlations can be robustly estimated and are not a limiting factor, and if necessary, could also be reduced further.
IV. CONCLUSIONS
Should the deviation in the diphoton spectrum at 750 GeV manifest into a discovery, the method proposed here can be readily applied to identify its initial state. It is then preferable for the measurements to be fiducial in the kinematics of the X decay products to minimize the model dependence introduced by acceptance corrections.
We restricted our attention to discriminate quark-and gluon-initiated production. Using our method, it will also be possible to identify photoproduction, which has been considered in several recent studies [48] [49] [50] [51] [52] [53] [54] [55] . In this case, the 0-jet cross section is given in terms of photon beam functions calculated in terms of photon PDFs at the scale µ ∼ p cut T and without QCD evolution above p cut T . This implies that the σ 0 /σ ≥1 ratio will be substantially larger than for light quarks, thus providing a good discrimination against the production via quarks and gluons. The utility of a jet-veto to distinguish photon production from vector-boson fusion or gluon initial states was discussed in [50] .
Our method allows for an early, model-independent, and theoretically clean identification of the production mechanism of any new high-mass color-singlet state. Since the ratio σ 
